We present two examples of coherent control of inter(sub)band transitions in a semiconductor double well by coherent light sources. Accounting for the upper hole subband and two lowest electron subbands, a microscopic theoretical analysis shows that electron-hole pair generation by a sub-picosecond pump pulse can be controlled by the intensity and the phase of a dc microwave field which resonantly couples the two electron subbands. Light absorption can be either enhanced or reduced. Secondly, it is shown that proper combination of two pulsed laser fields allows control of electron inter(sub)band transitions and final-state population, i.e., the formation of indirect versus direct excitons.
Coherent control of final-state population and chemical reactions has long been pursued in atomic and molecular physics [1] [2] [3] [4] [5] . More recently, improvements in ultrafast spectroscopy have allowed induction and observation of coherent phenomena in semiconductors, in form of coherent charge oscillations in double wells, Bloch oscillations, and coherent control of photocurrent, to name some of the highlights of progress in recent years [6] [7] [8] [9] [10] . In this paper we investigate coherent control of inter(sub)band transitions, absorption, and final-state population theoretically. Specifically we discuss a scheme which allows phase controlled light absorption and control of final-state population in semiconductor heterostructures by the interplay of two coherent light sources. As a specific example we give results for an asymmetric 145 /25 /100, GaAs-A1-GaAs-GaAs double well whose electron subband splitting is controlled by a static electric field and which is exposed to a tunable sub-picosecond pump pulse which generates electron-hole pairs (excitons) across its main energy gap. Calculations are done within the framework of a microscopic theory in form of Boltzmann-Bloch equations which account for the carrier-carrier Coulomb interaction [11] . In the present study, subband splittings and time scales are such that LO phonon scattering may be neglected. Light pulses are of Gaussian shape and the light-matter coupling is treated for a classical light field including the counter-rotating part. The peak of the pump pulse arrives at time zero, relative to which we define the phase q of the microwave (MW) field /MW(t)= ffo(t)COS(WMWt + b). A comparison to the rotating-wave approximation (RWA), which has been used in an earlier study, is made [12] .
When a coherent dc MW field resonantly couples the two electron subbands, the system undergoes Rabi oscillations between its uncoupled eigenstates when originally prepared in one of the latter. In the situation depicted in Figure 1 , the dipole matrix element between hole I1) and upper electron subband 12) is much stronger than hole and lower electron subband 13). Hence, if a pump pulse is applied at resonance with the direct exciton maximum absorption is obtained. However, application of a MW field reduces the admixture of left-well eigenfunction ]W) in 12) and transfers it to 13). Hence, the MW field reduces absorption at the direct exciton peak [13] .
Conversely, if the pump pulse is tuned near the indirect exciton, application ofa MW field enhances absorption. The phase of the coherent dc MW field enters the coupling between the electron subbands and hence the complex electron interband polarization. When the pump pulse duration is shorter than the inverse of the MW-induced Rabi frequency, the phase influences the absorption process from a third level, here, the top hole subband I1). This is demonstrated in Figure 2 for the case where a 80 fs pump pulse of Gaussian profile is tuned near resonance with the indirect excitons of the DW with a subband splitting of 20 meV. The MW intensity is about 2 MWcm-2, corresponding to a Rabi period near 100 fs. Clearly, the presence of the MW field increases absorption by about 15 percent for phase 7r/2. This effect is more pronounced at the direct exciton peak [13] The RWA underestimates the importance of second harmonics in the carrier dynamics induced by the MW field. Therefore, shorter pump pulses than predicted by within the RWA may be required to display the phase dependence of absorption.
For the present three-level system and within the RWA for transitions between conduction and valence bands, the pump pulse photon Boltzmann equation in the presence of coherence in the carrier means of optical coupling to a third level [4, 5] . In this scheme, which is sketched in Figure 1 , two temporally and spatially overlapping light pulses couple three levels of the system. The initial state of the system is I1), the desired final state is 13), and the intermediate state is 12). If the light pulse coupling 12) and 13), with amplitude a(t) and duration TMW, arrives and ends before arrival and, respectively, end of the pulse coupling I1) and with amplitude b(t) and duration Tp, and the pulse amplitudes change sufficiently slowly (relative to the characteristic frequencies of the driven threelevel system), stimulated Raman adiabatic passage (STIRAP) occurs and the system undergoes an adiabatic transition from level I1) to level 13). [4] The condition for an adiabatic transition for T= Tp= TMwis where 6 is the light field detuning.
However, in semiconductors resonant coupling between subbands calls for MW pulses, which may be difficult to generate at sufficiently high intensity.
Moreover, due to characteristic decoherencing times for (free) carriers in semiconductors passage times can not be much longer than a picosecond. Therefore, the STIRAP process may be impractical, if not impossible, to be adopted to semiconductor nanostructures. Hence, we have investigated sub-picosecond nonadiabiatic transfer based on the three-subband scheme in Figure 1 , where subband I1) is the top hole subband of a heterostructure, [2) and [3) are the two lowest electron subbands separated by 25 meV, in the present case. A 100fs subpicosecond pump pulse is used to generate electron-hole pairs (direct excitons) associated with levels 11) and 12). Its duration must be shorter than the inverse Rabi frequency between subband 12) and 13) which is established by a concurrent MW pulse. For excitation densities of about 101 carriers per cm 2 this ensures MW-induced charge oscillations between subband 12) and 13). Intensity and duration of the MW field are adjusted so that the latter permits one half of a Rabi oscillation between 12) and [3) , such that the electrons get trapped in state 13) ( IN)) after a single tunneling process. Here, the MW pulse resonantly couples the two electron subbands ( 0) and has a duration of TMW 320 fs, corresponding to about two MW periods, and a peak intensity of about MW cm-2. Zero time delay between the two pulses and phase r of the MW field relative to the peak of the pump pulse were found to give best results.
In Figure 4 we show the number of electrons in the left well versus the number of electrons in the right well, and the total number of carriers (holes).
Calculations including the counter-rotating field contributions, thick lines, are compared to those within the RWA, thin lines. It is clearly evident that the presence of the MW field reverses the tendency for direct (solid lines) versus indirect exciton (dot-dashed lines) formation. Without MW field and owing to the shape of wave functions, predominantly direct excitons are formed initially. Figure 4 also shows that the RWA gives almost quantitatively correct results for the final state population in the present case.
However, it predicts simple (damped) harmonic charge oscillations, whereas the full calculation shows a more complicated dynamics. Solid lines: wide well (direct excitons); dot-dashed lines: narrow well (indirect excitons); dashed lines: holes (total number of excitons); thick lines: with microwave field (phase r) regular lines: no MW field; thin lines: MW field in RWA approximation.
In summary, we have given theoretical results which indicate that coherent control of intersubband transitions on a subpicosecond time scale is possible by means of coherent light sources. In particular, we have investigated coherent control of light absorption and final-state population in semiconductor double wells. It should be pointed out that the latter should also be achievable by interference between single and triple photon absorption, in analogy to experiments on molecules [3] , and coherent current control via interference between single and two-photon absorption [8] . Details of these findings will be published elsewhere [12] . The rotating-wave approximation, which allows analytic solution of the coupled three-level system, is found to give nearly quantitatively correct results for the non-adiabatic finalstate-control processes. However, for the coherent control process of absorption discussed here, it merely gives qualitatively correct results. Specifically, it fails to give an accurate account of charge oscillations induced by the MW field and, consequently, the correct value for the phase of optimal coupling.
